K+ channels constitute perhaps the most diverse group of all ion channel families (Rudy, 1988 (Rudy, , 1991 Hille, 1992 ). Not unexpectedly then, we found a wide variety of voltage-dependent K+ currents in embryonic Drosophila neurons. They varied most prominently in their inactivation rates. Our goal in this study was to identify the genes encoding voltage-dependent K+ channels expressed in these neurons, and examine how they contribute to the diversity of the whole-cell K+ currents observed.
Mutant analysis is the simplest and most direct approach to correlate genes to the currents they encode. Since Drosophila contains only a single representative of each of four K+ channel subfamilies, Shaker, Shal, Shab, and Shaw, a mutation of any one gene removes all forms of that subfamily from the entire animal. Previously, mutant analysis has been achieved only for Shaker. While Shaker mutations have been found to eliminate all of the transient A-type current in muscle (Salkoff and Wyman, 1981; Salkoff, 1983 Salkoff, , 1985 Wu and Haugland, 1985; Sole et al., 1987; Zagotta et al., 1988; Broadie and Bate, 1993) , Shaker mutations have left the majority of neuronal currents unaffected (Sole et al., 1987; Baker and Salkoff, 1990) . Only in photoreceptors is Shaker as prominently expressed as in muscle (Hardie, 1991) . Mutant analysis of the K+ currents encoded by the three other cloned K+ channel genes then would be of great value in identifying the K+ currents present as well as determining whether there are currents which cannot be correlated to one of the currently cloned K' channel genes.
In this study, we analyzed the diversity of K+ currents present in embryonic neurons by using Drosophila strains containing deficiencies of K+ channel genes. We examined the effects of a Shal deficiency, a Shaw deficiency, and mutant alleles removing the function of the Shaker gene on the K+ currents in embryonic neurons. We found that Shal, Shaw, and, most likely, Shab account for virtually all of the single-channel currents present in wild-type neurons, while Shaker is not present. Because it has been suggested that the ether-a-go-go (eag) gene contributes subunits to voltage-dependent K+ channels (Zhong and Wu, 1991) , we also examined these K+ currents in eag' mutant neurons. The eag' allele has been shown to affect IK, the delayed rectifier-type K+ current, in Drosophila larval muscle. We found that none of the voltage-dependent single whole-cell currents appeared to be affected by the eag' mutation. We find that Shal encodes virtually all of the transient K+ currents, accounting for most of the variation seen at the whole-cell level. Thus, the wide range of whole-cell currents observed in embryonic Drosophila neurons arises from the mix of K+ currents generated by the Shal, Shaw, and Shab genes, and the variant currents generated by a single channel, Shal.
Materials and Methods
Cell culture. Late-gastrula cell cultures were prepared in a manner similar to previous reports (Seecof et al., 1971 ). Eggs were collected over a 1-2 hr period and allowed to develop for about 5.5-6 hr in a humidified chamber. Eggs were rinsed with 70% ethanol, dechorionated by rolling on double-stick scotch tape, and covered with halocarbon oil. A sharp microelectrode with a broken tip was used to break through the vitelline membrane of single embryos, and all contents were removed by suction. Single embryos were dissociated into a 20 (*l drop of culture medium similar to media previously described (Seecof and Donady, 1972) : 18% fetal calf serum, 6 mu/ml insulin, and 1% penicillin-streptomycin (from a stock of 10 kU penicillin and 0.5 mg/ml streptomycin in 0.9% NaCI) in Schneider's Medium. Cultures were prepared on glass coverslips or Primaria (Falcon, no. 3801) tissue culture dishes. Cultures were grown at room temperature in a humidified chamber for 19-50 hr before being used for electrophysiology. Fly srocks. Shaker stocks used were ShKSr3Z, a missense mutation occurring between the S5 and S6 transmembrane-spanning domains (Lichtinghagen et al., 1990) , and Sh'"*, a nonsense mutation occurring between the S5 and S6 transmembrane-spanning domains (Gisselmann et al., 1989) .
The Shal deficiency used was Df(3L)JK18; 76Bl-2 to 76D5 (described in Lindsley and Zimm, 1992) . Shal was mapped to 76B8 and confirmed to fall within this deficiency by Southern analysis (A. Wei, unpublished observations). The Shal deficiency was maintained over a third chromosome balancer (TM6) with a P-element insertion containing the 1acZ gene driven by the AbdA (abdominal-A)
promoter. The Shaw deficiencv used was Df(2L)edSz-1:
24A3-4 to 24D3-4 (Reuter and Szidonya: 1983; Szidonya and Reurer, 1988) . Shaw was mapped to 24C and confirmed to fall within this deficiency by Southern analysis (Wei, unpublished observation) . This deficiency was maintained over a balancer chromosome (CyO) containing the ZacZ gene driven by the elav promoter (courtesy of Dr. Kalpana White).
Identzfiing ~~UTOIZS. Although whole embryos containing many different cell types are dissociated, culture conditions have been shown to favor the survival of only muscle cells and neurons (Shields and Sang, 1970; Seecof et al., 1971) . We recorded from neurons which occur in clusters, reported to arise from single neuroblasts (Seecof et al., 1973) . These clusters stain positive with FITC-conjugated anti-HRP (data not shown), an antibody which specifically recognizes CNS and PNS neurons in Drosophila (Jan and Jan, 1982) . Such clusters are relatively easy to identify by morphology.
Determining the genotype of a given culture. Homozygous Shal and Shaw deficiencies cause developmental arrest in late embryogenesis. Each deficiency is maintained over a balancer chromosome containing the ZucZ gene. The intercross of heterozygous S/&deficient flies produce three different genotypes ( Fig. 1) : one-half heterozygous, onequarter homozygous for the balancer chromosome, and one-quarter homozygous Shal deficiency. Cells homozygous and heterozygous for a balancer chromosome will synthesize B-galactosidase and stain blue when treated with X-gal. Only embryos homozygous for the deficiency will not stain.
Fixing and staining cultures. After recording, cells were immediately fixed for 3-5 min in 2% formaldehyde (from a 37% stock solution) and 0.4% glutaraldehyde (from a 25% stock solution) in phosphate buffer solution (PBS). Cultures were rinsed with PBS after fixing and stained overnight at 30°C with an X-gal solution containing 1 mg/ml X-gal (from an 8% stock made up in DMSO), 16 mM K-ferrocyanide, 16 mu K-ferricyanide, and 2 mM MgCI, in PBS, pH 7.2-7.3. Cultures were rinsed with PBS and checked for blue staining.
Electrophysiology. The patch-clamp technique was used to record whole-cell currents and single-channel currents from outside-out patches (Hamill et al., 198 1) . Electrodes were pulled using borosilicate glass and had resistances between 6 and 12 MR for whole-cell currents. Whole-cell currents averaged about 320 pA at +20 mV, and series resistance was not compensated for; with a series resistance of about 30 MO, the voltage error would be 10 mV. Since inactivation rates of transient currents were relatively voltage independent, we would not expect that this error would have an effect on our measurements. In addition, most whole-cell results were confirmed at the single-channel level. Borosilicate glass electrodes were used for single-channel recording from outside-out patches, coated with Sylgard, and fire polished; resistances in solutions used ranged from 25 to 50 MR. To avoid the cells detaching from the dish and thus adhering to the electrode when patches were pulled, special care was taken to fire polish pipettes such that only a small amount of the glass surface would make contact with the cell membrane. In this way, the success rate of pulling outside out patches was fairly high (about 75%). Where indicated, the number of channels in a patch was determined by imposing voltage steps under which the channel(s) had a relatively high probability of opening, and looking for simultaneous openings of multiple channels. This number is thus a lower limit of the number of channels present, and probably an underestimate in the case of Shaw channels, which have a low open probability Solutions were as follows (in mM): internal, 140 KCI, 2 MgCI,, 11 EGTA, and 10 HEPES; external, 140 NaCI, 2 KCI, 6 MgCI,, 5 HEPES, 20-35 sucrose, and 100 nM tetrodotoxin. Solutions used for single-channel recording often contained aspartate as the major anion instead of chloride.
Expression in Xenopus oocytes. cRNA was prepared and injected into Xenopus oocytes as previously described (Wei et al., 1990) . Outsideout patches were pulled from oocytes 2-5 d after injection. Solutions and data acquisition and analysis software were as described above, except for the substitution of 4 mM MgCl, plus 2 mM CaCI, for 6 mM M&l,.
Statistics. Sixty-four out of 86 patches (74%) from neurons containing a Shal gene were observed to contain at least one of the 4 pS channels. The lOO(1 -a)% confidence interval for such a population proportion, p, based on N independent observations is given by CP -[z, (P * qwY'zl> P + [z, CP * 4fvl)> where p = the proportion of patches containing a Shal channel in N wild-type patches (p = 0.7442 in this case), b = a/2, q = 1 -p, and (Devore, 1982) . Thus the 95% confidence interval (a = 0.05, b = 0.025, z,, = 1.645) for the proportion of patches containing at least one of the 4 pS channels is 0.7442 2 0.077. Therefore, from 20 patches from Sk&deficient neurons, we would expect 13-17 of them to contain a 4 pS channel within a 95% confidence interval. The probability that none of the 20 would contain a single 4 pS channel is less than 2.78 * lo-lo. Since the 4 pS channel was never observed in these Shal-deficient neurons, we conclude that this channel is encoded by the Shal gene.
Of 88 patches from neurons containing the Shaw gene, 49 contained at least one 42 pS channel, giving us a proportion of 0.5568. By similar calculations to those described for Shal, the 95% confidence interval is 0.5568 + 0.053. Therefore, out of the 31 patches pulled from Shawdeficient neurons, we would expect, within this 95% confidence interval, that 15-19 of them would have contained a 42 pS channel. The probability that none of the 31 would contain a single 42 pS channel is less than 3.68 * lo-'". Since this 42 pS channel was never observed in S/raw-deficient neurons, we conclude that it is encoded by the Shaw gene. 
Results
Wide range of K+ currents in embryonic neurons To determine which genes are responsible for the total repertoire of K+ currents in embryonic neurons, we began by examining the types of currents present in wild-type neurons. We later separated these currents using deficiencies of particular KC channel genes. A survey of whole-cell K' currents from a large number of wild-type neurons might have enabled us to place all currents into a small number of categories based on properties such as their inactivation rates. However, we found this to be impossible because whole-cell K+ currents varied in a graded manner, from cell to ceil, especially in their inactivation rates. Interestingly, this characteristic is typical of Shal currents (Pak et al., 1991) , but quite unlike Shaker currents which have faster inactivation rates at more positive voltages (Zagotta and Aldrich, 1990) . Another property which showed variation was steady-state inactivation. Steady-state inactivation data was usually fit best by a double Boltzmann function, indicating two separable components. These two functions corresponded to a transient and a slowly inactivating component (Fig. 4) . Transient currents always corresponded to the more hyperpolarized component, which enabled us to separate transient currents from slowly inactivating currents. Slowly inactivating currents were isolated by inactivating the transient component with a depolarizing prepulse ( Fig. 40 . Transient currents were isolated by subtracting slowly inactivating currents from the total whole-cell current (Fig. 4C) . Transient currents had an average steady-state inactivation midpoint (V,,J of -72 mV. This steady-state inactivation profile is also more characteristic of Shal than Shaker currents when expressed in the Xenopus oocyte expression system, where Shaker had a V,,, of -35 mV and Shal had a V,,* of -62 mV (Wei et al., 1990 ).
The Shal gene encodes virtually all transient K+ channels, and is responsible for most of the variability With the great variety of K+ currents present in embryonic neurons, it was unclear whether a deficiency of any single K+ channel gene would be detectable. We suspected, however, that Shal might account for at least a portion of the transient current in these neurons because of its resemblance to Shal currents in Xenopus oocyte expression studies, and Northern analysis suggesting that Shal, and not Shaker, is prominently expressed in the late embryo (see Fig. 11 ). To test this hypothesis, we used a genetic deficiency of the Shal locus that would eliminate all Shal currents, including those resulting from alternatively spliced forms of the gene. We compared whole-cell current recordings from wild-type neurons to those of Shal-deficient neurons, and identified the current(s) removed by the deficiency. Surprisingly, most transient currents were absent in Shal-deficient neurons. While transient K+ currents were seen in 95% of wild-type neurons (N = 95), only 13% of neurons deficient for the Shal gene contained a transient current (N = 54); typically, only a slowly or noninactivating whole-cell current, uniform in appearance, remained (Fig. 2) . Wild-type transient currents eliminated by the Shal deficiency had a wide range of fast inactivation time constants (Fig. 3) . The Shal gene might generate channels with such a broad range of inactivation rates by several mechanisms including alternative RNA splicing, as well as heteromultimerization of these different forms. Further investigation into the mechanism underlying the variability observed required us to move to the single-channel level.
Shal encodes a 4 pS channel
We investigated the properties of single-channel currents expressed by the Shal gene by examining those single-channel currents in wild-type cells which were eliminated by the Shal deficiency. This study was feasible because only three distinct voltage-dependent K+ channels were detected in outside-out patches from wild-type neurons (Table 1) : (1) a 4 pS rapidly inactivating channel; (2) a 42 pS noninactivating channel; and (3) an 11 pS slowly inactivating channel. The smallest of the three channels observed (4 pS) was identified as the Shal channel because neurons from Shal-deficient embryos (N = 20) never contained channels of this conductance, while Shal channels were observed in 74% of patches from neurons containing at least one copy of the Shal gene (N = 86). The 4 pS channel was also seen at a similar frequency in neurons mutant for the Shaker gene or deficient for the Shaw gene ( Table l) , showing that the Shaker and Shaw genes do not contribute subunits to the 4 pS channel. Figure 5 shows the current-voltage relation of these channels; a line fit by linear regression through these points yields a slope conductance of 3.9 pS.
Besides their small size, a second characteristic property of Shal channels is their hyperpolarized voltage operating range. Figure 5 shows the steady-state inactivation profile of ensembleaveraged Shal currents from a single patch containing approximately seven Shal channels. Shal channel activity in this patch was half-inactivated with a prepulse to -105 mV, and completely inactivated with a prepulse to -75 mV. This extremely hyperpolarized steady-state inactivation curve was typical among Shal channels in outside-out patches, but approximately 30 mV more hyperpolarized than whole-cell Shal currents observed ei- Voltage ( ther in neurons or in the Xenopus oocyte expression system. We cannot currently account for this difference. However, similar discrepancies between the voltage dependence of whole cell and patch recordings have been reported previously for Shaker channels in Drosophila photoreceptors (Hardie, 1991) and for Na+ channels in bovine chromaffin cells (Fenwick et al., 1982) . Nev- 
The number of patches in each column is variable because separate studies were sometimes done in which special attention was paid to a particular channel type requiring special conditions. For example, only patches with a very low noise level were used for the detection of Shal channels. Most patches contained between one and four channels. A few patches were eliminated because too many channels were present. All channels appeared to be randomly distributed.
ertheless, we feel that these 4 pS channels do represent the conductance that carries the whole cell transient current because the deficiency of Shal removes both these transient single channels and the transient whole cell current. As with whole-cell transient currents, Shal ensemble-averaged currents showed an apparently voltage-independent inactivation rate.
Single Shal channels have d@erent gating modes with different inactivation rates
As with transient whole-cell currents, inactivation rates of ensemble-averaged currents of Shal channel activity varied among patches from different cells. Inactivation was usually fit best by a double exponential function (Fig. 6 ). Ensemble-averaged Shal currents displayed a range and distribution of fast inactivation time constants (Fig. 6 ) similar to whole-cell wild-type transient currents (Fig. 3, left) . Thus, in both the excised patch and wholecell configurations, Shal currents have variable inactivation rates extending over a similar range. Since excised patches containing small numbers of Shal channels exhibited markedly different inactivation rates, we surmised that single Shal channels must also behave in a markedly varied fashion. To explore this, we examined patches containing only single Shal channels, and found that they also display variable inactivation rates similar in range and distribution (Fig. 6 ) to patches containing multiple Shal channels (Fig. 6) , as well as whole-cell transient (Shal) currents.
One explanation for Shal channel variability might be alternative RNA splicing. However, this is unlikely due to an observation of an apparently single neuronal Shal channel spontaneously switching gating behavior from one mode to another. The first mode gave rise to an ensemble-averaged current with a very fast inactivation rate; the second gave rise to a current with a much slower inactivation rate. Figure 7A shows these currents before (left) and after (right) the change in gating modes. The fast gating mode was characterized by short bursts of channel openings at the onset of a voltage jump, which produced a very rapidly inactivating component. This was followed by a sustained component, due to frequent reopenings of the channel (Fig. 7A, left) . In contrast, the slower gating mode produced a more slowly inactivating ensemble-averaged current, due to longer bursts of channel openings at the onset of a voltage jump. In this mode, the channel ultimately entered an absorbing inactivated state. Thus, the single Shal channel gave rise to ensemble-averaged currents with inactivation rates that virtually spanned the range of transient macroscopic currents recorded in wild-type neurons.
Regardless of whether single channels often change gating modes, most single Shal channels (N = 11) can be categorized as being in either a fast or slow gating mode. Figure 7B shows two such examples: one channel in a fast gating mode, another in a slow gating mode. Hence, the variable inactivation rates of whole-cell transient currents could be due to different proportions of Shal channels in either a fast or slow gating mode. Modulation of Shal channels by a process such as phosphorylation may play a role in determining the gating mode in which a channel resides.
In order to investigate whether Shal channels exhibit variable inactivation rates in their normal cellular environment, we also examined Shal channels in cell-attached patches. In this mode, we observed Shal channels in both the fast and slow gating modes described (data not shown). Thus, this variability does not appear to be an artifact due to patch excision into artificial solutions.
Delayed recti$er-type currents present in Shal-dejicient neurons.. evidence for Shaw and Shab After determining that Shal was responsible for transient currents, we investigated the genes responsible for the delayed rectifier-type currents (DR currents) remaining in Shal-deficient neurons. The Shaw and Shab K+ channels were candidates for some of these non-Shal currents because they carry similar DR currents when expressed in Xenopus oocytes (Wei et al., 1989) . Northern analysis also suggested that both genes are expressed in the late embryo (see Fig. 11 ). DR currents in neurons sometimes had a noninactivating component, similar to Shaw (Wei et al., 1989) , and a slowly inactivating component similar to Shab (Pak et al., 1991) .
Shaw channels were first expressed in Xenopus oocytes to observe single-channel properties which might aid in identifying Shaw channels in embryonic neurons. We found that Shaw channels have several distinctive properties, including an unusually low voltage sensitivity, brief open times, and a large conductance (>40 pS). A similar channel was then identified in wildtype Drosophila neurons (Fig. 8) . Of the three types of single channels observed in embryonic neurons, this 42 pS channel was the largest. To verify that this channel was, indeed, encoded by Shaw, we investigated whether a genetic deficiency of Shaw would eliminate it. The 42 pS channel was detected in 56% of patches from neurons having a wild-type Shaw gene (N = 88) (Table l) , but never observed in patches from Shaw-deficient neurons (N = 31). Shaw channels were also detected in Shaldeficient and Shaker mutant neurons at a frequency similar to wild type ( Top, Shal ensemble-averaged currents from patches pulled from two different cells showing different rates of inactivation; peak current nels in neurons was plotted versus voltage (Fig. 9) . Data points were fit with a Boltzmann equation to the fourth power, consistent with the same model of four closed-state transitions before opening (Zagotta and Aldrich, 1990) , as assumed for macroscopic data analysis. A total equivalent gating charge for opening a single channel was determined from this fit to be 0.90 (+0.070) e-charges (N = 3). This value is similar to 0.86 eobtained for macroscopic Shaw currents expressed in Xenopus oocytes (Baker, 1992) . The voltage sensitivity of Shaw channels is so low that, although they are reported to begin opening between -80 and -70 mV (Wei et al., 1990) , by extrapolation of their activation curve (Fig. 9) , they would not reach a p(open) of 0.95 until 558 mV.
To determine the total equivalent gating charge for Shaw channels in a model-independent manner, we examined the semilogarithmic plots of open probability versus membrane voltage (Fig. 9) . From the limiting slopes of these plots, we could determine the lower limit estimate of the total equivalent gating charge needed to move through the membrane to open a single channel (Almers, 1978) . We calculated this lower limit of equivalent gating charge to be 0.54 (? 0.086) em charges (N = 3). Previous reports showed that Shaker channels have an equivalent gating charge of 6 e charges determined by similar calculations (Logothetis et al., 1992) . Thus, calculated in both a model-dependent and model-independent manner, the total equivalent gating charge of Shaw channels is extremely low.
In addition to its low voltage sensitivity, Shaw channels have a very short mean open time of about 1 msec. Open time histograms were best fit with a single exponential (data not shown) and were voltage independent. This short mean open time contributes to the low open probability of Shaw channels and is unusual for a delayed rectifier-type current. Shaw channels in cell-attached patches appeared to behave similarly to those in excised outside-out patches, exhibiting the same unusual properties described above (data not shown). Shaw channels showed no sign of inactivation even at depolarized potentials and were completely blocked by 5 mu 4-aminopyridine (data not shown). All of these properties were common to Shaw channels in embryonic neurons and Shaw channels expressed in the Xenopus oocyte expression system. + B * exp[-t/T(slow)]; N = number of channels observed to be in a given patch, p(open) = probability of a single channel being open. Top rruce, Slower ensemble-averaged current with T(fast) = 37.12 msec; bottom truce, faster ensemble-averaged current with T(fast) = 8.12 msec. Patches contained three and two Shal channels, respectively, and ensemble averages were constructed from 85 and 89 sweeps, respectively. Voltage jumps were to a test potential of 0 mV, a 500 msec prepulse to -120 mV preceded each voltage jump. Middle, Histogram of fast inactivation time constants from patches containing multiple Shal channels (N = 16 patches). Ensemble averages were constructed from Shal channel activity during voltage jumps to +20 mV, 480 msec in duration. Ensemble averages were fit with a double exponential function, as in A. X-axis represents fast inactivation time constants binned every 4 msec; y-axis represents the number of patches. Bottom, Histogram of fast inactivation time constants from patches containing a single Shal channel (N = 11 patches). Ensemble averages were constructed and fit as described in B. Y-axis represents the number of channels displaying a particular fast inactivation time constant. Solid bars indicate single channel that switched gating modes (Fig. 7A) . All data were digitized at 0.488 msec/point and filtered at 2 kHZ. Ensemble averages were each constructed from 150 voltage jumps to t20 mV. For comparison, examples of two whole-cell transient currents which inactivate at rates similar to ensemble-averaged currents are shown below for comparison. Cells were held at -90 mV and test pulses were to f20 mV. Capacitative transients were partially removed. All single-channel data was digitized at 0.488 msec/point and filtered at 2 kHz.
Shah-like channels
Because they have no inactivation, Shaw channels cannot account for all of the DR currents in embryonic neurons; the most prominent macroscopic current present in Shal-deficient neurons is a slowly inactivating current. Although a genetic deficiency of the Shab gene was not available, we nevertheless suggest that the Shab gene (or a very similar gene) encodes the remaining slowly inactivating current. This is based on similarities between neuronal Shab-like currents and Drosophila Shab currents expressed in Xenopus oocytes. Of the three single-channel currents observed in neurons, only the 11 pS channel can account for this slowly inactivating current. Ensembleaveraged currents from the 11 pS channel were slowly inactivating and closely matched ensemble-averages from Shab channels expressed in Xenopus oocytes (Fig. 10) . In both cases, this was due to similar long bursts of channel openings followed by quiescent periods (Fig. 10) . Activation kinetics of neuronal Shab-like channels and Drosophila Shab channels expressed in Xenopus oocytes were also similar. Figure 10 shows that ensemble-averaged currents from both reached peak current in 27 msec at 0 mV. Another behavior common to both was an apparent "rundown" of single-channel currents; currents were often seen when patches were just excised but disappeared after a few minutes, rarely reappearing. This behavior was common with Shab-like channels but rarely seen with Shal or Shaw channels. "Rundown" probably accounts for the relatively low frequency (13% of patches, N = 118) at which Shab-like channels were observed in neurons, since inactive channels may have been present in a higher percentage of patches. Neuronal Shab-like channels had a conductance of 11 pS, as compared with 18 pS for Shab channels observed in the Xenopus oocyte expression system (Fig. 10) . At the whole-cell level, slowly inactivating currents remaining in Shal-deficient neurons have an average steady-state inactivation midpoint of -37 mV, comparable to -46 mV for Drosophila Shab channels expressed in Xenopus oocytes (Pak et al., 1991) .
We also observed Shab-like channels in Shal-deficient, Shawdeficient, and Shaker mutant neurons (Table l) , which eliminates those K+ channel genes as possible contributors to the Shab-like channels. Northern analysis showed that Shab is prominently (right) . Voltage jumps were preceded by a 500 msec prepulse to -60 mV to inactivate Shal channels. Patch from neuron contained two channels; oocyte patch contained one. Data were digitized at 0.488 msec/point and filtered at 2 kHz. B, Current versus voltage relation of single Shaw channels in embryonic Drosophila neurons (lef) and in the Xenopus oocyte expression.system (right). Lef, Single record from a patch containing three channels while the voltage was ramped from -90 to +40 mV. Superimposed data points represent the average single-channel amplitude as determined by fitting a Gaussian distribution to amplitude histograms from multiple patches (N = 3-4). Standard deviations are as indicated. A line fit by linear regression to data points predicts a slope conductance of 41.5 pS. Data used for amplitude histograms was digitized at 0.195 msec/point and filtered at 2 kHz. Right, Shaw channel activity in a patch from Xenopus oocyte. Voltage was ramped from -90 to +40 mV. Due to the low open probability of a single Shaw channel in this patch, 19 records were superimposed. A line, fit by eye to the amplitudes of channel openings, predicts a slope conductance of 48.1 pS. All ramp records were digitized at 0.488 msec/ point.
The Journal of Neuroscience, March 1995 , 75(3) 1749 expressed in the late embryo along with Shal and Shaw (Fig.  11) . Thus, in the absence of a deficiency for the Shah gene, several lines of evidence suggest that these slowly inactivating currents might be encoded by the Shah gene.
The largest and most common whole cell current component is the transient current removed by the Shal deficiency. As expected then, single Shal channels are the most frequently observed channels, appearing in 74% of patches. Although Shaw channels were observed in 54% of patches, their low open probability even at depolarized voltages (previously discussed) probably underlies the small, noninactivating component of whole cell current seen in some cells. Since Shaw channels have such a low voltage sensitivity, Shaw currents might function as "leak" currents. The correlation of the Shab-like channels to the whole cell slowly inactivating current component present in most cells is less certain since, as mentioned above, these channels tended to run down very rapidly. Thus, we cannot rule out the possibility that there may be yet another channel type present, perhaps in invaginations of the cell inaccessible to a patch pipette, that may be responsible for the slowly inactivating whole cell component.
Is Shaker present?
Consistent with previous reports (Sole et al., 1987; Saito and Wu, 1992) , we find that Shaker is not responsible for a significant portion of the currents in the soma of neurons. Only 13% of the Shal-deficient neurons were observed to contain a transient component (Fig. 3) . At most, Shaker could be responsible for this portion of transient current.
Northern analysis suggests that Shal, Shab, and Shaw genes are expressed in embryos
We investigated the developmental expression of the four cloned K+ channel genes from Drosophila by Northern analysis (Fig.  11) . PolyA-selected mRNA from early embryo, late embryo (the stage which most closely corresponds to the age of cells used in this study), pupa, and adult animal were run on an agarose gel under denaturing conditions, blotted onto nitrocellulose, and probed for each gene. Consistent with our physiological data, Shal, Shab, and Shaw appear to be prominently expressed in the late embryo, but Shaker expression is much weaker. Two alternatively spliced forms of both the Shal and Shab genes are expressed in the late embryo. 'Iwo forms of Shal have been cloned which differ in their 3'-carboxyl terminal ends (Baker, 1992) . It is unlikely, however, that these two forms of Shal correspond to the two Shal gating modes described in this study, since both forms have been expressed and no differences noted in the whole-cell currents (Baker, 1992 ). Shaw appears to have only a single splice form throughout development.
Shaker is expressed at very low levels in the late embryo, having its most prominent appearance in the pupal through adult stages.
Discussion
Shaker, Shal, Shab, and Shaw are the four genes encoding voltage-dependent K+ channels currently cloned in Drosophila (Kamb et al., 1987; Papazian et al., 1987; Butler et al., 1989) . The total voltage-dependent K+ current in a given cell may consist of a mix of currents generated by these genes and perhaps other genes which have not yet been cloned. Each represents a separate subfamily of K+ channel genes conserved across species. Each also constitutes an independent K+ current system due to the fact that heteromultimers cannot form between them Covarrubias et al., 1991; Li et al., 1992; Sheng et al., 1993 Jan and Jan, 1990; Rudy et al., 1991; Salkoff et al., 1992) . For example, Kv 1.1 and Kvl.4 are both members of the Shaker subfamily but express currents that have very different inactivation rates (Stuhmer et al., 1989) . In Drosophila, however, each subfamily appears to be represented by only a single gene. Both Drosophila and mammals generate additional diversity from some genes by alternative RNA splicing (Kamb et al., 1988; Pongs et al., 1988; Schwarz et al., 1988; Butler et al., 1989; Ghanshani et al., 1992) . The Shaker gene in Drosophila is an extreme example, with as many as 24 alternatively spliced forms (Kamb et al., 1988) . Heteromultimeric K+ channels also contribute to K+ current diversity.
In mammals, heteromultimeric K+ channels consisting of subunits from several distinct Shaker genes form in vivo (Sheng et al., 1993; Wang et al., 1993) . In Drosophila, heteromultimeric channels may be formed by combining alternatively spliced forms from a single gene (Isacoff et al., 1990; McCormack et al., 1990) . Finally, modulation such as phosphorylation can result in further K+ current diversity (reviewed in Sieglebaum and Tsien, 1983; Levitan, 1985) .
Sources of diversity
We found that embryonic Drosophila neurons display a wide variety of K+ currents, consistent with previous reports (Byerly and Leung, 1988; Wu, 1991, 1992) . We found that this variability is due to both a mix of currents from Shal, Shaw, and possibly Shab channels, and a variety of currents arising from Shal channels. (Almers, 1978) . Lines were fit through data points from each patch by linear regression. The total equivalent gating charge, Z, was calculated from the slopes of these lines by the relation
Values for Z from three patches were 0.43 e-, 0.55 em, and 0.64 e-, respectively. Voltage (mv) Figure 10 . Shab-like channels in embryonic Drosophila neurons compared to Shab channels expressed in Xenopus oocytes. Top, Ensembleaveraged current from Shab-like channel activity in embryonic Drosophila neurons (left) and Shab channels as observed in the Xenopus oocyte expression system (right). Voltage jumps to 0 mV were preceded by a prepulse to -90 mV. Patch from embryonic neuron contained two channels, patch from Xenopus oocyte contained one. Ensemble averages were constructed from 49 (Zefi) and 70 (right) sweeps. Middle, Representative single-channel records of Shab-like channels in embryonic Drosophila neurons (left) and Shab channels in the Xenopus oocyte expression system (right) used to construct ensemble-averaged currents above. Bottom, Single-channel current amplitude versus voltage relation of Shab-like channels in embryonic Drosophila neurons (left and Shab channels as observed in the Xenopus oocyte expression system (right). The voltage was ramped from -90 to +60 mV. A line, fit by eye to the amplitudes of channel openings, predicts a slope conductance of 10.5 pS for the Shab-like channels in neurons (left), and 17.8 pS for Shab channels expressed in Xenopus oocytes (right) . Data were digitized at 0.488 msec/point and filtered at 2 kHz. ylation. Since single Shal channels appear, for the most part, to be in a fast or slow gating mode, various proportions of channels in each gating mode could give rise to macroscopic currents with inactivation time constants virtually spanning the entire range of inactivation rates seen. Northern analysis of Shaker, ShaZ, Shah, and Shaw at different stages of development. PolyA-selected mRNA (5 kg) was run on a denaturing agarose gel, blotted onto nitrocellulose, and probed with a 3ZP-labeled cDNA probe for each of the four cloned Drosophila genes, as indicated. Embryo (E), Early embryo, O-9 hr; Embryo (LJ, late embryo, 9-18 hr; Pupa, 4-5 d postpupariation; Adult, l-2 weeks. Multiple bands in a lane probably correspond to alternatively spliced mRNAs.
Modal gating has also been previously described in other systems (Moorman et al., 1990; Alzheimer et al., 1993; Delcour et al., 1993) . Modulation of ion channels has been reported to affect both the inactivation rates of currents West et al., 1991; Zhou et al., 1991; Chabala et al., 1993; Kupper et al., 1993; Vyas et al., 1993; Drain et al., 1994; Rettig et al., 1994) and the gating mode of single channels (Yue et al., 1990; Zhou et al., 1991; Marrion, 1993; Wilson and Kaczmarek, 1993) . A cloned skeletal muscle sodium channel, ~1 a-subunit, has been reported to have two gating modes which, like those of Shal, give rise to ensemble-averaged currents with very different rates of inactivation (Zhou et al., 1991) . Phosphorylation has been suggested as a mechanism of modulation (Huganir et al., 1984; Levitan, 1985) . Phosphorylation was reported to slow the inactivation rate of a mammalian Shaw channel (Vyas et al., 1993) and a rat brain Na+ channel West et al., 1991) . Phosphorylation has also been reported to increase the inactivation rate of a Shaker K+ current (Drain et al., 1994) . A tyrosine phosphatase was reported to mediate the switch between gating modes in Aplysia bag cell cation channels (Wilson and Kaczmarek, 1993) . Both phosphorylation and protein-protein interactions (Zhou et al., 1991) have been reported to modulate gating modes, and either may play a role in the regulation of Shal channel gating modes.
Shal is the most highly conserved of the four K+ channel gene subfamilies with 82% amino acid identity between Drosophila and mouse (Pak et al., 1991) . Such high conservation might indicate conservation in function with regard to modal gating behavior. Indeed, one report suggests that modulation of Shal channels in vertebrates also produces transient currents with different inactivation rates (Chabala et al., 1993) .
The expression of Shal channels may not be restricted to embryonic neurons since their similarity to the A, channels in larval neurons (Sole et al., 1987 (Sole et al., , 1990 Sole and Aldrich, 1988) suggests that they too may be encoded by Shal. A, channels, like Shal channels, account for most of the transient currents present and give rise to ensemble-averaged currents with variable inactivation rates. (Baker, 1992) were remarkably consistent with our results. The equivalent gating charge for a Shaw channel expressed in the oocyte system was determined by plotting tail current amplitudes versus prepulse potential. A Boltzmann equation to the fourth power was then used to fit the data, consistent with a model of four closed state transitions before opening (Zagotta and Aldrich, 1990) . A total equivalent gating charge for opening a single Shaw channel was determined to be 0.86 em charges. This is in sharp contrast to the Shaker channel for which similar measurements predicted an equivalent gating charge of 7 em (Zagotta and Aldrich, 1990) .
The fourth transmembrane segment (S4) of voltage-dependent K+ channels is thought to be the "voltage sensor," containing a conserved structural motif of positively charged residues at every third position (Noda et al., 1984; Stuhmer et al., 1989; Liman and Hess, 1991; Papazian et al., 1991; Logothetis et al., 1992) . With only four, Shaw has the lowest number of positively charged residues in its S4 region of all cloned K+ channels (in contrast, Shaker contains seven). In addition to the low number of positive charges, the Shaw S4 region has two negatively charged residues in positions normally occupied by positively charged residues, bringing the net charge to +2 (Wei et al., 1989) . This low net charge, compared with +7 for Shaker, perhaps underlies the low voltage sensitivity of Shaw channels.
As with Shal, Shaw gene expression may not be limited to embryonic neurons. The Shaw channels we observed resemble K, channels from cultured embryonic myotubes (Zagotta et al., 1988) and K, channels from larval neurons (Sole and Aldrich, 1988) , which may all be products of the Shaw gene. These channels were also reported to have a large conductance (>40 pS). K, channels, like Shaw channels, displayed no apparent inactivation and a low open probability. K, and K, channels, like Shaw channels, most likely contribute a sustained outward whole-cell current, possibly serving the role of leak channels.
Of the three types of single-channel currents identified in embryonic neurons, only the 11 pS Shab-like channels gave rise to a slowly inactivating ensemble-averaged current. These channels are thus likely to produce the slowly inactivating currents observed in Shal-deficient neurons. Like Shal and Shaw channels, the expression of these Shab-like channels is also probably not restricted to embryonic neurons since their properties match those of K, channels described in larval neurons (Sole and Aldrich, 1988 ) and embryonic myotubes (Zagotta et al., 1988) , which may also be the products of the Shab gene. Both channels have a similar conductance (lo-16 pS) and, once activated, both give rise to slowly inactivating ensemble-averaged currents.
Completeness of the "set"
To date, Shaker, Shal, Shab, and Shaw make up the "set" of voltage-dependent K+ channel genes cloned in Drosophila, and represent the "set" of voltage-dependent K+ channel gene subfamilies present in all metazoan organisms. However, the completeness of this "set" is currently unknown. We wanted to know whether we could assign all voltage-dependent K+ currents in a given cell type to one of these four cloned genes. It should be noted, however, that K+ channels expressed in the soma of the embryonic neurons used in this study are not necessarily representative of all K+ channels expressed in vivo. There may be other K+ channel genes expressed in particular subcellular locations, in other subpopulations of cells, or at different developmental stages. In addition, we cannot rule out the possibility that a different complement of channels might be expressed in cultured neurons than is expressed under normal conditions.
Previous mutant analysis of the Shaker gene showed it to be responsible for all of the voltage-dependent transient K+ current in muscle of embryo, larvae, pupae, and adult (Salkoff and Wyman, 1981; Salkoff, 1983 Salkoff, , 1985 Wu and Haugland, 1985; Sole et al., 1987; Zagotta et al., 1988; Broadie and Bate, 1993) . In neurons, however, a Shaker mutation was found to have no perceptible effect on K+ currents in larvae (Sole et al., 1987) , and produced only a minor portion of transient K+ currents in pupae ). Shaker could be responsible for the 13% of transient currents remaining in Shal-deficient neurons. Previous reports have suggested that Shaker is expressed in the nerve terminals of the larval neuromuscular junction (Jan and Jan, 1977) , in the adult cervical giant fiber axons (Tanouye and Ferrus, 1985) , as well as in axons and neuropil of the adult Drosophila brain (Schwarz et al., 1990) . It has also been reported that in the rat CNS, a Shaker (K"l.4) gene's expression is more specific to axons and terminal regions, while a Shal (K"4.2) gene's expression is more specific to the cell body and dendritic regions (Sheng et al., 1992) . It is possible then that Shaker is expressed primarily in the axons and dendrites of neurons, thus remaining undetected by recording at the soma. Since all of the (voltage-dependent) single-channel currents observed in embryonic Drosophila neurons can be assigned to the remaining three cloned K+ channel genes, then perhaps the "set" of known K+ channel genes is nearing completion.
